Abstract-Increasing demand for better detection performance with a simultaneous reduction in size, weight and power consumption has motivated the use of compact semiconductors as photo-converters for many gamma-ray and neutron scintillators. The spectral response of devices such as silicon avalanche photodiodes (APDs) is poorly matched to many common highperformance scintillators. We have developed a generalized analytical method that utilizes an optical reference database to match scintillator luminescence to the excitation spectrum of high quantum efficiency semiconductor detectors. This is accomplished by the fabrication and application of a series of high quantum yield, short fluorescence lifetime, wavelength-shifting coatings. We show here a 22% increase in photoelectron collection and a 10% improvement in energy resolution when applying a layered coating to an APD-coupled, cerium-doped, yttrium oxyorthosilicate (YSO:Ce) scintillator. Wavelength-shifted radioluminescence emission and rise time analysis are also discussed.
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I. INTRODUCTION
W AVELENGTH-shifting (WLS) compounds have been applied to photomultiplier tube (PMT) entrance windows to improve ultraviolet (UV) light transmission to the photocathode since the 1970s. It has long been recognized that sensitivity gains are possible for Cherenkov counters and UV scintillators [1] - [7] . One specific implementation of external WLS with inorganic scintillators has been to develop detectors sensitive to the ultrafast (∼0.7 ns), UV (∼200 nm) component of BaF 2 scintillation [8] - [11] . Recently WLS has been employed to improve the spectral matching to photodetectors of undoped CsI and Pr:LuAG scintillators [12] , [13] . The present research aims for a generalized process to improve spectral matching. Borosilicate glass, typical of PMT construction, is strongly absorbing of short wavelength photons. Development of quartz PMT windows has been successful at improving UV response for smaller devices, while the wavelength shifting technique remains popular for large-area UV counters. The highest quantum efficiency reported for photomultiplier tubes is around 40% at 400 nm, where quantum efficiency is defined as the percentage of incident photons creating a photoelectron impacting the first dynode. PMT quantum efficiency at long wavelengths is limited by the escape efficiency of photoelectrons from the photocathode material. Longer wavelength scintillation photons produce lower energy photoelectrons, which have reduced escape efficiency. Silicon avalanche photodiodes (APDs) show a similar reduction in effectiveness at short wavelengths. In the short wavelength limit, silicon APD quantum efficiency is decreased since higher energy photons are more preferentially absorbed near the surface of the device, and the electron-hole recombination lifetime is very short near the surface. However, for some silicon APDs, the quantum efficiency approaches 100% in the 600-800 nm wavelength range. Additionally, APDs offer a reduction in size, power, and cost over many photomultipliers.
For the application of gamma and neutron radiation detection, many of the most appealing scintillator materials emit UV-blue light between 350 and 420 nm. Thus, the spectral response of the APDs is often poorly matched to the luminescence spectrum of high-performance scintillators. We present here a generalized, high efficiency method to convert the intrinsic scintillator emission to a spectral range that is better matched to the silicon photodetector sensitivity spectrum. Our approach is to coat a specular reflector with a layered structure comprising dye-doped polymers and a diffuse reflecting layer. A database analysis program that uses the scintillator emission photodetector sensitivity spectra as input selects the optimal dyes. We present results demonstrating high quantum yield shifting of YSO:Ce scintillation light by a bis(phenylethynyl)anthracene (BPEA) doped polystyrene (PS) layer, resulting in improved energy resolution as measured by an APD.
II. COMPONENT SELECTION

A. Photodetector Selection
The readout device chosen for this work was a 10×10 mm 2 active area Hamamatsu silicon APD, model S8664-1010 [14] . This APD features large effective area and low terminal capacitance, and relatively high sensitivity in the visible range. The peak spectral response is slightly below 600 nm and the peak quantum efficiency is 85% at 650 nm. The plot of quantum efficiency versus wavelength for this APD is shown in Fig. 1 .
APDs require individual characterization to determine an optimal reverse bias working point. The breakdown voltage is tested during fabrication and can vary substantially between individual units. For the scintillator tests we desire constant gain between successive measurements, where a measurement cycle could take 10-20 minutes and involves decoupling a 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. scintillator and recoupling a new scintillator. As expected, we observed significant gain drift with temperature when operating near the breakdown voltage. All measurements in this document were conducted in a room with stable controlled temperature at 20 • C, in which all components had ample time to reach thermal equilibrium. Two important parameters for stable APD operation are the gain and the dark current. Assuming constant ambient temperature, these quantities vary primarily due to the bias voltage applied to the APD. We applied bias and measured gain and dark current using the electronic circuit described in Fig. 2 . The bias applied to the APD was calculated by V bias = V source − I leakage * R total , where the circuit employed R total = 200M , the leakage current (I leakage ) was measured by a Keithley Model 6487 Pico-ammeter, and the source voltage (V source ) was set on the voltage supply. The ammeter was connected directly to the grounded pin of the APD. The voltage source was connected through the resistance, R total , to the bias pin of the APD. The APD was placed in a light tight box and isolated from electromagnetic interference by foil wrapping. The dark current was measured as a function of bias voltage by reading the current measured by the ammeter and calculating the bias voltage. The gain was measured by first establishing the voltage level at which the APD gain is unity. Irradiating the APD with light from a dimmed LED, adjusting the source voltage, and measuring the leakage current established the voltage level at which the gain is unity. For bias voltages between 50-100 V we measured a constant leakage current (varying only by differences in dark current) indicating that the LED produced a constant current in the APD and no net avalanche gain was measurable
Beyond 100 V we observed avalanche gain, increasing up to a gain of 100 at an APD bias voltage 370 V and nearing 1000 as bias voltage approached 400 V. Leakage current increases significantly as the breakdown voltage is approached and for our sample we found that the bias voltage was limited to 395 V, which required a high source voltage of 600 V. Results of these measurements are shown in Fig. 3 . We chose an operating point at 360 V APD bias, for which gain is 60 and dark current is 5 nA.
B. Scintillator Selection
Currently this project is focused on non-hygroscopic scintillator materials. This choice was primarily motivated by easy handling of crystals to avoid the effects of moisture contamination on measurements. Several inorganic scintillator crystals were considered for this phase of development, including: GSO, BGO, CaF 2 , BaF 2 , YAG, YAP, YSO and CWO 4 . Based on materials available in-house for wavelength shifting, we chose to demonstrate a single shift from ∼420 nm to longer wavelengths, which suggested the use of cerium doped, yttrium oxyorthosilicate (YSO:Ce). We procured several cubic crystals from Proteus, Inc., measuring 10 × 10 × 10 mm 3 for the best geometric match to the photodetector and to minimize self-absorption effects. YSO offers an emission peaked at 420 nm, yielding a peak quantum efficiency of ∼75% when coupled to the APD. Assuming light losses were minimal, we predicted that shifting the emission into the range of 550-800 nm should result in roughly a 20% improvement to overall photoelectron conversion. Since YSO:Ce is a very linear scintillator, the achievable energy resolution is limited primarily by light collection, so we expected a corresponding improvement to pulse height resolution.
C. Dye Selection and Formulation
To match the scintillator emission to the photodetector response, a suitable WLS must be developed. The WLS is an organic chemical formulation including a fluorescing dye dissolved within a solid polymer matrix. To leverage the work of the community on quantifying the absorption and emission performance of diverse compounds, we utilized the open source database PhotochemCAD [15] . This database provides the dye absorption in units of molar extinction (units of cm -1mol -1 L), as a function of wavelength, for a nominal range 200 to 1000 nm depending on available data, and an emission spectrum over the same range. The quantum yield of the dye is also provided.
To select dyes with good wavelength-shifting properties we automatically analyze the 160 dyes in the database, convolving the excitation and emission spectra of each dye with the scintillator emission spectrum and the photodetector response. For each dye a figure of merit is calculated and the best match is determined. The figure of merit calculation for dye index j is given in (1)
Here, Sn is the normalized (to unit area) scintillator emission spectrum and X is the absolute excitation spectrum molar extinction over the wavelength range w defined by the region of non-zero scintillator emission; En is the normalized (to unit area) emission spectrum of the dye over its full wavelength range k, and D is the absolute quantum efficiency of the photodetector. QY is the quantum yield of the dye. Thus, the first sum term represents the dye absorption efficiency and the second sum term represents the photon detection efficiency. Table I shows the results of the analysis program for the top ten matches for YSO:Ce and the APD. Of the top ten best matches, three dyes were selected for this study: fluorescein, bisphenylethnyl anthracene (BPEA) and di-cyanomethylene (DCM). Fig. 4 shows the chemical structure of these three dyes.
Although they do not have the highest figures of merit, these dyes were easily fabricated with existing materials and are suitable to demonstrate the proof of principle. For a matrix we chose polyvinylpyrrolidone (PVP) for fluorescein 548 and polystyrene (PS) for both BPEA and DCM, based on dye solubility in these compounds. The general WLS production procedure involves dissolving the polymer matrix in a solvent. Ethanol was used for PVP and toluene was used for PS. The dissolved solution was stirred for 2 hours at room temperature. The dye was then added to the solution at a 0.1 wt% concentration, and stirring continued for another 2 hours. The resulting solution was applied to the scintillator reflector. The scintillator reflector comprised 3M Enhanced Specular Reflector (ESR) film painted with 100 micrometers of Eljen-510 TiO 2 paint. The shifter, without any reflector, was also painted on a 10×10 ×0.025 mm 3 glass slide. All surfaces were left to dry in air. This produced uniform films of 20-30 micrometers in thickness. Subsequently, five squares of 10 × 10 mm 2 were cut from the dye-coated ESR film and applied to the polished surfaces of YSO:Ce crystal. Optical grease was used at the interfaces between the YSO crystal and the dye-coated ESR films. We used 200 micrometer-thick aluminum tape to hold the film pieces in place. The dye-coated glass slide was attached to the sixth side of the YSO:Ce cube using optical grease. Fig. 5 shows the final preparation of the scintillator crystal.
Production of the WLS on the reflector, rather than the crystal surface, improves the repeatability of the coating thickness and simplifies future tests with hygroscopic scintillators. Additionally, many coating methods (e.g., spin coating, evaporation, lamination) are made available for flat substrates, and not so for a cubic solid.
III. RESULTS
A. Radioluminescence
Radioluminescence (RL) is a type of measurement where light is produced in a material of interest via bombardment with ionizing radiation. The resulting light spectrum is collected as a function of wavelength such that the emission spectrum can be analyzed. In this work RL was used to characterize the quantity of scintillation light produced from a (relatively) constant source of x-ray radiation. This provides a measurement of the efficacy of the shifter, prior to convolution with the response function of the photodetector.
In Fig. 6 we show RL spectra of YSO:Ce samples, prepared as described, measured with a 25 kV X-ray source and a spectrophotometer. The X-ray beam entered through one of the reflector surfaces, while the scintillation light was allowed to escape through the dye-coated glass slide for detection with the spectrophotometer. Each sample was measured five times and was removed from and reinserted into the RL setup between the measurements in order to assess the geometric reproducibility. All five measurements for each sample are shown, and these indicate a geometric reproducibility of better than ±3% between runs of the same sample. The reference sample (YSO) shows the measured scintillation spectrum of unshifted YSO:Ce. The three dye-coated samples exhibit wavelength shifting, partially absorbing the YSO:Ce emission with reemission at longer wavelengths. RL spectra allow for calculation of the reference integral light yield and the shifted light yield for comparison and evaluation of the dye efficiency.
The dye emission maxima are 563, 553, and 509 nm for DCM:PS, fluorescein:PVP, and BPEA:PS, respectively. Each shifter was prepared at 0.1%wt dye concentration.
All dye-coated sample spectra show residual YSO:Ce emission due to incomplete absorption of the scintillation light. This is expected as the dye concentration of 0.1 wt% is low and the films are only 20-30 μm thick. In future work, both the dye concentration and dye-doped film thickness will be optimized in order to maximize the wavelength shifting efficiency. Also, while the run-to-run reproducibility for a given sample is good, the reproducibility between different samples needs to be improved to establish quantitative quantum efficiencies from these spectra.
B. Gamma-Ray Measurements
Gamma-ray measurements were performed using the YSO:Ce crystal, prepared as described, coupled to the APD. The purpose of the gamma-ray measurements was to evaluate the change in photoelectron collection efficiency and energy resolution due to WLS coatings. The APD was connected to an eV Products EV-550 preamplifier and then to a Canberra 2025 shaping amplifier. An Amptek MCA8000A was used to generate the pulse height spectrum. Fig. 7 shows the typical 137 Cs deposited energy spectrum for the uncoated and the BPEA coated YSO crystal. Comparing the two spectra we measure a 22% net increase in photopeak position. We attribute this to an increase in photoelectron collection consistent with what would be expected based on the quantum efficiency curve of the photodetector and the efficiency of the WLS. This result implies that we have not introduced measureable lossy mechanisms (e.g. light trapping, non-radiative relaxation) with the application of the WLS. Additionally, peak fitting of the 662 keV photopeak demonstrated an improvement in energy resolution from 9.6% to 8.7% (full-width at half-maximum at the 662 keV photopeak). This improvement in energy resolution should equal the square root of the improvement in photoelectron collection, given a linear crystal like YSO:Ce, and so this result also aligns with expectations.
C. Timing Measurements
For molecules that emit in the UV to near-infrared, the lifetime of the singlet excited state is described by an exponential decay with a time constant typically between 0.5-20 ns, depending on the molecule. This fluorescence time directly delays any pulse rise time measured by the photodetector. For fast timing applications this consideration may be critical, and in general we would prefer to select dyes that have the shortest available lifetime. To measure the delay for this sample we measured single energy (662 keV) gamma-ray pulses with a fast photomultiplier tube (Hamamatsu R4998). Histograms of the rise times of 10,000 pulses for each treatment are shown in Fig. 8 . The average rise time for the uncoated crystal is 5.9 ns, and for the coated crystal 10.6 ns. This rise time delay is due in part to the 2.8 ns average lifetime of the BPEA [16] . 
IV. CONCLUSION
A method has been presented for dye selection and evaluation, given a target scintillator and photodetector. Candidate WLS for YSO:Ce coupled to a silicon APD were fabricated in the laboratory. The bulk properties of the dyes were evaluated with RL spectroscopy. For the case of BPEA the WLS was shown to be very efficient at converting the scintillation spectrum of YSO:Ce to better match detection efficiency of the APD. While the majority of photons are converted, the RL analysis reveals that some of the original YSO scintillation light has not been converted, suggesting further work in optimization of WLS concentration and thickness is required for optimal performance. Additionally, the current application process of the dyes to the reflector has not been perfected, however, through gamma-ray measurements we have confirmed that no detectable loss of light can be occurring in the WLS layer. Further planned characterization includes evaluation of WLS robustness under temperature cycling and radiation damage.
Future work will also extend the process to multiple layers of WLS. Multiple layers will be required for some scintillators to achieve high quantum yield wavelength shifting with minimal non-radiative losses. The application of the WLS onto the reflector eases transition of this method to the highest performing scintillators, which are typically hygroscopic (e.g. LaBr 3 , SrI 2 , CLYC).
